Background In short bowel syndrome, epithelial surface loss results in impaired nutrient absorption and may lead to intestinal insufficiency or intestinal failure. Nucleotide oligomerization domain 2 (Nod2) dysfunction predisposes to the development of intestinal failure after intestinal resection and is associated with intestinal barrier defects. Epithelial barrier function is crucial for intestinal absorption and for intestinal adaptation in the short bowel situation. Aims The aim of the study was to characterize the effects of the GLP-2 analogue Teduglutide in the small intestine in the presence and absence of Nod2 in a mouse model of short bowel syndrome. Methods Mice underwent 40% ICR and were thereafter treated with Teduglutide versus vehicle injections. Survival, body weight, stool water, and sodium content and plasma aldosterone concentrations were determined. Intestinal and kidney tissue was examined with light and fluorescence microscopy, Ussing chamber studies and quantitative PCR in wild type and transgenic mice. Results Teduglutide reduced intestinal failure incidence in Nod2 k.o. mice. In wt mice, Teduglutide attenuated intestinal insufficiency as indicated by reduced body weight loss and lower plasma aldosterone concentrations, lower stool water content, and lower stool sodium losses. Teduglutide treatment was associated with enhanced epithelial paracellular pore function and enhanced claudin-10 expression in tight junctions in the villus tips, where it colocalized with sodium-glucose cotransporter 1 (SGLT-1), which mediates Na-coupled glucose transport. Conclusions In the SBS situation, Teduglutide not only maximizes small intestinal mucosal hypertrophy but also partially restores small intestinal epithelial function through an altered distribution of claudin-10, facilitating sodium recirculation for Na-coupled glucose transport and water absorption.
Introduction
Short bowel syndrome occurs after major intestinal resection and may cause intestinal insufficiency or intestinal failure (IF) [1] . Resection-associated intestinal adaptation compensates for the reduced absorptive mucosal surface area and may involve hyperphagia, polydipsia, prolonged gastrointestinal transit time, absorptive surface area expansion, increased epithelial transport, and increased mesenteric blood flow [2, 3] . Besides macronutrient malabsorption, high intestinal salt and water losses are the major challenge to achieve oral autonomy. Severe resection-associated salt and water depletion, which occurs when intestinal adaptation is insufficient, may activate the renin-angiotensin-aldosterone system (RAAS) in these patients [4] . If adaptation is not sufficient to maintain health or growth, chronic intestinal insufficiency ensues and may even lead to IF that requires organ replacement therapy, i.e., long-term parenteral nutrition [5] .
In mice, extensive ileocecal resection leads to intestinal insufficiency as a compensated state or intestinal failure (IF) as a decompensated state that will lead to death because mice cannot be parenterally supplemented.
Nucleotide-binding oligomerization domain-containing protein 2 (NOD2) dysfunction is a well-known risk factor for the development of Crohn's disease [6] [7] [8] . In addition, it is a risk factor for insufficient adaptation and intestinal failure, independent of the underlying disease [9, 10] . We have recently reported that extensive ileocecal resection induces severe intestinal failure in Nod2 knockout mice compared to wt mice through mechanisms involving impaired epithelial barrier function and microbiome alterations [11] .
One mechanism of intestinal adaptation is GLP-2-stimulated mucosal growth [12] . Teduglutide is a stable analogue of glucagon-like peptide 2 (GLP-2) and reduces parenteral support (PS) in chronic IF. A GLP-2-dependent growth effect on the remaining small bowel mucosa is well described in SBS [13, 14] . Although villus hypertrophy implies some gain of absorptive cell mass, the increment in villus length does not translate numerically equal into functional measures such as wet weight absorption [13] . Also, spontaneous villus elongation does not correlate with functionally effective adaptation [15] .
Intestinal barrier function is essential for vectorial transport, and GLP-2 has been reported to effect tight junction protein expression in healthy animals [16] . To test the effects of GLP-2 agonism on epithelial barrier function in the SBS epithelium, Teduglutide effects were studied in a mouse model of intestinal insufficiency secondary to extensive ileocecal resection, mimicking the most prevalent situation of human SBS [17] . This is of particular relevance because the resection of ileum and cecum removes a large pool of GLP-2-secreting L-cells and thus represents substantial loss of GLP-2 secretory capacity [18] .
Teduglutide is particularly efficient in severe SBS in humans [19] , and Nod2 deficiency is associated with severe SBS in humans and mice, but it is unknown whether Nod2 interferes with Teduglutide's mechanism of action. To further test the effects of Teduglutide in SBS, it was tested in wt and in Nod2 k.o. mice after extensive ICR as a model of intestinal insufficiency and intestinal failure.
Methods

Mice
For all experiments, C57BL6/J (wt) mice and B6.129S1-Nod2tm1Flv/J stock #005763 (Nod2 knockout, k.o.) [20] were purchased from Jackson Laboratory (Bar Harbor, USA) and bred in the animal facilities at the Rudolf-Zenker-Institute for Experimental Surgery, University Medical Center Rostock. Genotyping for the Nod2tm1Flv allele was performed with standard PCR procedures as described previously [11] . Mice were housed in groups of up to five under conventional conditions with free access to standard chow and water until surgery. Adult, male mice of ~ 30 g body weight with the age of ~ 4 months received 12-cm ileum and cecum resection (ICR) and were then randomly assigned to either Teduglutide or vehicle treatment. To prevent intestinal obstruction, all mice were switched to liquid diet (AIN 93G, Ssniff, Soest, Germany) 2 days before surgery and maintained on this diet until the end of the experiment. Feeds were replenished daily. All mice were studied/followed with the intention to survive to day 14.
Humane Endpoints
A wellness score below 4 points, body weight loss of more than 20% from the initial weight, a distended abdomen together with persistent constipation or signs of dehydration combined with massive diarrhea were defined as humane endpoints. Mice that reached one or more humane endpoints were killed immediately and underwent autopsy.
Procedures
Briefly, mice were anesthetized by i. p. injection of ketamine (100 mg/kg bw) and xylazine (15 mg/kg bw) and orally intubated and ventilated as described previously [15] . After midline incision, the distal small bowel and the cecum were exposed and then transected 12 cm proximal to the ileocecal junction and immediately distal to the cecum. The resected bowel was removed, and the length of the specimen was measured. An end-to-end, full-thickness jejuno-colonic anastomosis was created as described previously. Immediately after surgery, all mice were weighted and received 1 ml isotonic saline subcutaneously and 5 mg/kg body weight carprofen. All surgical procedures were performed by the same surgeon (MW). Mice recovered in a heated terrarium (29 °C) for 4 h and then returned to individual cages with free access to liquid food and water. From day 1 after surgery, mice were injected twice daily with 0.1 mg/kg body weight Teduglutide (Shire-NPS Pharmaceuticals, Inc., Lexington, MA, USA,), a dose that had previously been used in mice [16] . PBS served as vehicle control.
Clinical Parameters
Body weight, wellness score [21] , stool water, and aldosterone plasma concentrations were analyzed as described previously [15] . In brief, mice were weighed and scored daily using a previously, for this model, verified wellness score with 8 items. For determination of stool water content and stool sodium, stool was collected before surgery (day 0) and on postoperative days 2, 7, and 14. For that, mice were individually placed in an empty cage covered with tissue paper (WEPA Professional GmbH, Germany) and observed for 30 min. Stool was collected immediately after excretion using cotton swabs and placed in a preweighed empty 2.0-ml Eppendorf tube. The tube with fresh stool was immediately weighed, dried overnight at 80 °C, and then weighed with exsiccated stool. Water content was then calculated as before [15] . These exsiccated stools were then used for determination of sodium concentrations. Stool sodium was measured after 5 × dilution with dH 2 O with a Horiba LAQUA twin B-722 sodium meter and sampling sheets using the sampling sheet holder cover.
Histology
In total, 1-cm intestinal segments were immediately placed in MorFFFix (Morphisto ® , Frankfurt am Main, Germany) for 24 h and then paraffin-embedded as described [15] . In total, 5-µm sections were HE-stained and then used for morphometric analysis. In a blinded manner, 5 well-oriented full-length villi per sample was measured using an Axio Observer inverted microscope (Zeiss) and ZEN 2.3 software.
Immunofluorescence
In total, 1-cm intestinal segments or kidneys were placed in Tissue-Tek ® O.C.T.™, snap frozen in liquid nitrogen, wrapped in aluminum foil, and stored at − 80 °C for further use. In total, 5-µm-thick, longitudinal cryosections were cut on a CM 1850 cryotome (Leica Microsystems Nussloch GmbH, Nussloch, Germany) at − 20 °C. After a brief PBS wash, tissues were fixed with ice-cold acetone for 5 min at 4 °C. Tissue was then blocked with 10% fecal calf serum (FCS) for 60 min and incubated with primary antibodies (see Table 1 ) overnight at 4 °C. After 5 × 5 min PBS/1% FCS washes, secondary antibodies were incubated for 60 min at room temperature. After another 5x5 min washes and counterstaining with DAPI (Sigma-Aldrich, St. Louis, MO, USA, #D9542) tissues were mounted in fluorescence mounting medium (Dako North America Inc, Carpinteria, CA, USA, #S3023). Slides were imaged on a Zeiss Axio Observer (Zeiss, Oberkochen, Germany) equipped with an Apotome unit using Zen Software 2.3 software. Image analysis was performed using ImageJ2 [22] . Specifically, relative quantification of the claudin immunofluorescence signal along the villus surface was performed with a pixel line scan using the profiling tool of ImageJ2. The distance from villus base to villus tip along the line scan was set to 100% for each villus. The intensity of the claudin signal was normalized by the intensity of the F-actin signal. For semiquantitative analysis in the kidney collecting duct cells, pixel line scans were performed with the same profiling tool.
RNA Isolation and cDNA Synthesis
RNA was isolated as described previously [23] . Briefly, ~ 30 mg frozen tissue was mechanically disrupted in lysis buffer by 50 Hz for 5 min using a bead mill (Tissue-Lyser LT, Qiagen, Hilden, Germany) with 7-mm stainless steel beads (Qiagen, Hilden, Germany). RNA isolation was performed with RNeasy Mini Kits (Qiagen, Hilden, Germany). At room temperature, 15-min DNA digestion was performed with the RNase-free DNase set (Qiagen, Hilden, Germany). Agarose gel electrophoresis was performed as quality control. cDNA synthesis was performed with 2 µg RNA, using the High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific, Schwerte, Germany).
Quantitative Real-Time PCR
Gene expression of ion transporters and barrier proteins was analyzed by quantitative real-time PCR using TaqMan™ Universal PCR Master Mix and pre-designed TaqMan ® gene expression assays ( Table 2 ). In total, 15 ng cDNA was used for the PCR. Analyses were performed in triplicate on a ViiA7 sequence detection system (Applied Biosystems, USA). PCR conditions were as follows: 95 °C for 10 min, 55 cycles of 15 s at 95 °C, 1 min at 60 °C. The expression levels of the genes of interests are given as the difference to the housekeeping gene β-actin (ΔCt). Relative gene expression values are expressed as 2 −ΔΔCt at day 14 compared to day 0.
Ussing Chamber
Mouse jejunum was preincubated in ice-cold recording buffer containing 1 µM indomethacin for 10 min. The tissue was then freed from the seromuscular layer under a dissecting microscope and analyzed in Ussing chambers with a 5-ml half-cell volume and 0.24 cm 2 surface area with AgCl electrodes (Karl Mussler, Scientific Instruments, Germany) as described previously [15] . Recording buffer contained 115 mM NaCl, 0.4 mM Na 2 HPO4, 2.4 mM NaH 2 PO 4 , 5 mM KCl, 1.2 mM MgCl 2 , 1.2 mM CaCl 2 , 25 mM NaHCO 3 , and 5 mM glucose, pH 7.4 and was continuously gassed with 95% O 2 and 5% CO 2 at 37 °C. Na/Cl dilution potentials were recorded after replacing 57.5 mM NaCl with 115 mM mannitol in the basolateral buffer. P Na /P Cl was calculated applying the Goldman-Hodgkin-Katz equation. Biionic potentials were performed with methylammoniumchloride, ethylammoniumchloride, tetramethylammoniumchloride, tetraethylammoniumchloride, and N-methyl-D-glucamin (NMDG). Mucosal to serosal FITC-4-kDa dextran flux was measured by adding it at 40 ng/ml into the mucosal compartment [24] . Fluorescence intensity increase in the serosal chamber was measured after 1 and 2 h using a Microplate reader (Glomax ® # 9301-010, Promega, Fitchburg, WI, USA). Dextran flux was calculated from a simultaneously determined standard curve.
Statistical Analysis
All clinical data were recorded in a prospectively maintained database (Microsoft Access, Microsoft Corporation, Redmont, WA, USA 
Results
Teduglutide Prevents Intestinal Failure in Nod2 k.o. Mice and Alleviates Intestinal Insufficiency in wt Animals
To simulate severe SBS at the edge between intestinal insufficiency and intestinal failure, extensive ileocecal resection was performed in wt and Nod2 k.o. mice ( Fig. 1a ) and mice were followed for 14 days. From day 1 postoperatively, mice received subcutaneous injections of vehicle or Teduglutide, respectively ( Fig. 1b ). Resection length, remaining small bowel, and colon length were similar in all groups (Fig. 1c Fig. 1d ), which suffer from less severe intestinal insufficiency than the Nod2 k.o. mice [11] . SBS-mediated body weight loss was significantly attenuated in the Teduglutide-treated wt animals (91.1 ± 1.8% wt Teduglutide vs. 84.1 ± 2.3% wt vehicle, day 14, Fig. 1e ). In Nod2 k.o. animals, no statistically significant difference was detectable for body weight at day 14 (86.5 ± 2.4% Teduglutide vs. 82.9 ± 2.2% vehicle, Fig. 1e ).
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Teduglutide Reduces Stool Water Content and Stool Sodium Losses
Stool water content was increased at day 2 after surgery, independent of Teduglutide treatment in both wt and Nod2 k.o. animals ( Fig. 2a, b ). In wt animals, stool water content was significantly lower in the Teduglutide-treated than in the vehicle-injected group at day 7. At day 14, a trend to lower stool water content was notable in the Teduglutide-treated wt animals (p = 0.20). In Nod2 k.o. animals, no significant effect on stool water content was detectable. Stool sodium concentration did not change throughout the experiment and was not influenced by Teduglutide both in wt and in Nod2 k.o. animals ( Fig. 2c,  d ). While stool volume was not measured in these mice, increased stool water content strongly suggests that increased stool output is accompanied by increased sodium losses, which are being reduced by Teduglutide treatment. 
Teduglutide Improves Volume Status
Since aldosterone is secreted in response to salt and volume depletion [25] , plasma aldosterone concentration was used as an indicator for volume status. Plasma aldosterone concentration at day 14 was significantly lower in Teduglutide-treated than in vehicle-treated wt animals (Fig. 3a) . In Nod2 k.o. mice, plasma aldosterone concentrations were not significantly different between animals that received vehicle or Teduglutide. We have previously reported that Nod2 k.o. animals develop very high plasma aldosterone concentrations in this SBS model [11] . In line with that, two upward outliers occurred only in the vehicle-treated Nod2 k.o. group. In order to find out whether increased aldosterone concentrations reflect aldosterone action in the kidney, α-ENaC expression was analyzed in whole kidney lysates. Plasma aldosterone correlated linearly with kidney α-ENaC mRNA expression ( Fig. 3b ). In order to confirm ENaC localization, Aquaporin-2 (Aqp-2) was used as marker to histologically identify the aldosterone-sensitive distal nephron (ASDN) [25] . In line with the expression data, α-ENaC was located apically in the ASDN of vehicle-treated animals, while α-ENaC was located in the cytoplasm in the ASDN of Teduglutide-treated animals ( Fig. 3c, d) , reflecting enhanced compensatory aldosterone action in the kidney of vehicleinjected animals.
Teduglutide Maximizes Small Intestinal Mucosal Hypertrophy
Following small bowel resection, enhanced endogenous meal-stimulated GLP-1 and GLP-2 release from the colon likely contributes to the mucosal hypertrophy in the small bowel [26] . While the role of GLP-1 is less clear, GLP-2 is probably the inductor of this response in the small bowel [27] . In order to test how exogenous GLP-2 stimulation with Teduglutide affects this process, key parameters of adaptive intestinal hypertrophy were studied. In all groups, villus length was significantly increased 14 days after ICR (Fig. 4a ). In wt mice, Teduglutide treatment significantly increased villus length even further, by additional 15% (293 ± 13 µm vs. 337 ± 21 µm, p < 0.05 Fig. 4b Nod2 is not required for GLP-2-enhanced structural adaptation in the SBS situation.
Teduglutide Does Not Open the Tight Junction Leak Pathway
In order to study the tight junction leak pathway, the expression of tight junction genes, that modulate the tight junction leak pathway, Occludin, ZO-1, and ZO-2 [28, 29] , was analyzed. Their expression levels were stable in the SBS situation ( Fig. 5a, b) and not influenced by Teduglutide treatment (p > 0.05 for Teduglutide vs. vehicle, respectively). In the Ussing chamber, 4 kDa FITC dextran flux as an indicator for the leak pathway was determined [30] . In all resected groups, 4 kDa dextran flux was reduced, most likely due to the altered anatomy of the hypertrophied villi and independent of Teduglutide treatment and Nod2 status (Fig. 6 ). Taken together, flux via the leak pathway was not increased by Teduglutide and gene expression of the tight junction leak pathway regulator proteins Occludin, ZO-1, and ZO-2 was not reduced.
Teduglutide Improves Sodium Recirculation via Claudin-10
In order to find out whether Teduglutide impacts the tight junction pore pathway, biionic potentials were recorded in the Ussing chamber to assess size and charge selectivity. At day 0, there was a sharp size cutoff for permeability of cations between 2 and 3 Å, reflecting the high-capacity tight junction pore pathway [31] . This size cutoff was diminished at day 14 in vehicle-treated animals (Fig. 7a ), while sodium selectivity as a marker for charge selectivity was maintained (Fig. 7c ). In Teduglutide-treated wt animals, the size cutoff was restored at day 14 and sodium selectivity was significantly increased (Fig. 7a, c) . In contrast, in Nod2 k.o. animals the size cutoff was lost after resection as in wt animals, but it was not reestablished by Teduglutide treatment (Fig. 7b ). In addition, charge selectivity was significantly lower in the jejunum of Nod2 k.o. animals and not significantly increased by Teduglutide (Fig. 7d) .
In order to find out which component of the tight junction pore mediates this Nod2-dependent and Teduglutide-specific effect, mRNA expression of tight junction pore genes was analyzed (Figs. 8a, 9a ). Claudin-2 expression was not significantly changed by Teduglutide treatment in wt mice. Both claudin-3 and claudin-7 tended to be increased after resection, but were unaffected by Teduglutide treatment. Also, claudin-4 expression was not different between the groups (p > 0.05, U test, Figs. 8a, 9a ). Claudin-15 expression was changed to 2.8 ± 0.30-fold and 3.3 ± 0.44-fold, 14 days after ICR, again independent of Teduglutide treatment. This pattern was similar in Nod2 k.o. mice ( Fig. 8a) . Of note, only in wt mice, claudin-10 expression was significantly increased under Teduglutide compared to vehicle treatment (1.1 ± 0.24-fold vs. 0.55 ± 0.09-fold, p < 0.05, U test, Figs. 8a, 9a ). Since claudin-10 promotes the tight junction cation pore in the intestinal epithelium [32] , this is in line with the functional data which indicate maintained cation permeability in Teduglutide-treated animals. Expression changes of tight junction genes may not necessarily result in functional changes of the tight junction because tight junction anchoring is required for pore formation [33] . Thus, we next studied claudin-10 localization along the crypt villus axis (Figs. 8b, c, 9c, d) . Claudin-10 was localized in the tight junctions of the small bowel epithelium. However, in vehicle-treated wt mice, the claudin-10 immunofluorescence signal was lower in the villus tips ( Fig. 9c, insets) , while it was strong in the villus tips of Teduglutide-treated wt animals. Thus, in wt mice, Teduglutide promotes a paracellular cation pore that may be mediated by altered claudin-10 expression in the villus tip. Of note, this effect was absent in the Nod2 k.o. mice.
Function of the paracellular cation pore is important and beneficial for absorption because in the small intestine glucose is being absorbed electrogenically and transcellularly together with sodium by SGLT-1. Because there is more glucose to be absorbed than sodium, sodium is recircled paracellularly from the serosal to the luminal side by the pore properties of claudin-10. To facilitate efficient recirculation, Sglt-1 and claudin-10 need to be localized in the same villus compartment [34] . Thus, coimmunofluorescence was performed in wt mice. In vehicle-treated mice, the claudin-10 signal was weaker in the villus tips, while Sglt-1 signal was strong throughout the villi. But in Teduglutide-treated mice, claudin-10 signal was strong in the villus tips along with Sglt-1 signal (Fig. 9b ).
Discussion
GLP-2 agonism is now an established treatment option for short bowel syndrome with intestinal failure [35, 36] . In patients, Teduglutide reduces parenteral hydration requirements, likely through improved water and electrolyte absorption [37] [38] [39] . Recent indirect evidence points to positive effects on nutrient absorption as well because parenteral energy supplementation can be reduced without body composition changes under Teduglutide therapy [40] .
While the trophic effects on the small intestinal mucosa by GLP-2 stimulation are well described [40] [41] [42] [43] , the functional relevance of small bowel villus growth is less clear. The mechanistic implication of villus growth is called into question by translational observations: 1) Villus growth in response to Teduglutide is not in the same order of magnitude as a reduction of parenteral support (PS) [13] , and enterocyte mass expansion does not correlate with PS reduction [42] . 2) Body weight correlates negatively with villus length in the ICR mouse model [15] . 3) Structural disease, such as chronic obstruction, promotes villus growth but impairs absorption in the rat [44] . Thus, we set out to characterize specifically the functional effects of Teduglutide action on the small bowel epithelium in the SBS mouse model.
Due to the heterogeneity of the small human SBS cohort, mechanistic clinical studies are difficult to perform. Therefore, Teduglutide treatment was tested in the 14-day extensive ileocecal resection model in mice. This model represents the most common short bowel anatomy in humans and implies major loss of GLP-2 secretory capacity [18] . In this model, mice develop intestinal insufficiency, which they compensate by oral food intake. However, some mice develop IF with progressive weight loss and volume depletion leading to death [15] . Recent studies revealed that Nod2 dysfunction is a risk factor for IF in men and in mice [9, 11] . In mice, the absence of Nod2 in the SBS model is associated with barrier dysfunction and alterations in bacterial composition [11] possibly caused by altered bacterial sensing [45] . Therefore, we used wt mice as a model of intestinal insufficiency and Nod2 k.o. mice as a model of IF and tested the effects of Teduglutide on the outcome after extensive ileocecal resection.
In this model, vehicle-injected Nod2 k.o. mice had the highest incidence of IF. Strikingly, this negative effect of Nod2 deficiency on survival was reversed by Teduglutide treatment, supporting the notion that in humans Teduglutide is particularly efficient in severe IF [19] . It remains to be tested in clinical trials if NOD2 is an independent predictor for Teduglutide response in humans [46] .
The fact that vehicle-treated Nod2 k.o. animals died early may have created an attrition bias in this cohort at day 14.
Possibly, surviving mice in this cohort represent a form of positive selection, while the signal from the preterm dying mice could not be detected. This may have interfered with the mechanistic studies that were performed in the per protocol analysis for mice that reached day 14. In contrast, there was only a small dropout rate in wt animals, which allowed mechanistic interpretation of the data obtained in the per protocol analysis.
Compared to vehicle, Teduglutide treatment attenuated the persistent weight loss and thus intestinal insufficiency in wt mice. It is likely that improved body weight implies not only improved nutritional status but to some extent also improved volume status because fecal water losses were reduced and aldosterone concentrations as a marker of volume deficiency were improved by Teduglutide.
In order to quantify fecal losses, measurement of absolute stool volume and its composition would be the gold standard. However, the volume of watery and pasty diarrhea cannot reliably be quantified in absolute terms even with metabolic cages. Thus, as a marker for severity of diarrhea, we measured stool water content and sodium concentrations. Remarkably, stool water content was significantly reduced by Teduglutide, but stool sodium concentration was not significantly different between treatment groups. This indirectly suggests that in situations with high stool output, high sodium loss occurs as well and that Teduglutide reduces total stool sodium along with stool water loss. Although the effect of Teduglutide on stool water content appeared numerically small, it apparently translated to better volume status as indicated by less increased aldosterone concentrations. In addition, at day 2 stool water content was significantly increased after resection in all groups, but not significantly different between Teduglutide and vehicle-injected cohorts. The absence of a treatment effect by day 2 was likely due to the predominance of surgery-associated effects and the short treatment period up to this time point. In the late phase, e.g., at day 14, the effect of Teduglutide treatment on stool water reduction was also less pronounced, indicating that vehicle-treated mice adapted as well but slower and apparently through other mechanisms.
Aldosterone is the thirst hormone and regulates water and salt intake as well as excretion through the RAAS [47] . In vehicle-treated animals, plasma aldosterone concentrations were significantly higher compared to Teduglutide-treated animals. This indicates volume depletion secondary to the increased stool water and salt losses. In order to confirm RAAS activity, we studied α-ENaC expression in the kidney. Kidney α-ENaC mRNA expression correlated well with plasma aldosterone, indicating kidney-specific action of the systemically activated RAAS. Immunofluorescence for α-ENaC suggested that along with reduced aldosterone concentrations, Teduglutide reduced apical α-ENaC localization. Collectively, these data suggest that when intestinal adaptation is not sufficiently supported by Teduglutide, volume and salt depletion activate systemic mechanisms to counterregulate the fecal losses. Importantly, it is likely Fig. 3 Teduglutide improves volume status, indicated by reduced aldosterone action in the kidney. a Median plasma aldosterone concentration was measured at day 14. Aldosterone concentration was significantly lower in Teduglutide-treated compared to vehicle-treated wt mice (median ± 95% CI, p < 0.05, U test, n = 11 vs. n = 9). In Nod2 k.o. mice, no statistically significant difference was detectable, p > 0.05, U test, n = 6 versus n = 8. b Relative expression of ENaC on day 14 correlated with plasma aldosterone concentrations, across all groups, intention-to-treat population (Pearson's r = 0.60; p < 0.5, n = 41). c Upper panel: representative immunofluorescence of kidney collecting duct cells in Teduglutide-and vehicle-treated wt mice at day 14. Red: Aqp-2, green: α-ENaC. Of note, in vehicle-treated wt animals with high plasma aldosterone, localization was predominantly apical (white arrows). In Teduglutide-treated animals with low plasma aldosterone concentration, α-ENaC was localized in the cytoplasm (white arrowheads, no fluorescence peak in the line scan). Lower panel: Line scans through the apical membrane of collecting duct cells were performed. The red peak indicates the signal from Aqp-2 staining that was performed to label the apical membrane. In vehicle-treated wt mice, the green fluorescence peak converges with the red peak, suggesting colocalization of Aqp-2 with ENaC in the apical membrane and thus active ENaC. In Teduglutide-treated mice, the green signal peaked below the apical membrane, suggesting inactive ENaC. d Upper panel: representative immunofluorescence of kidney collecting duct cells in Teduglutide-and vehicle-treated Nod2 k.o. mice at day 14. Red: Aqp-2, green: α-ENaC. Of note, in vehicletreated animals with high plasma aldosterone, localization was predominantly apical (white arrows). In Teduglutide-treated Nod2 k.o. animals with low plasma aldosterone concentration, α-ENaC was localized in the cytoplasm (white arrowheads, no fluorescence peak in the line scan). Lower panel: Line scans through the apical membrane of collecting duct cells were performed. The red peak indicates the signal from Aqp-2 staining that was performed to label the apical membrane. In vehicle-treated Nod2 k.o. mice, the green fluorescence peak converges with the red peak, suggesting colocalization of Aqp-2 with ENaC in the apical membrane and thus active ENaC. In Teduglutide-treated mice, the green signal peaked below the apical membrane, suggesting inactive ENaC ◂ that these systemic mechanisms may in turn activate colonic transport mechanisms as well.
In order to dissect the intestine-specific effects of Teduglutide, small bowel tissue was examined. ICR alone resulted in significantly increased villus length and crypt depth by ~ 50%, as seen in vehicle-treated animals and consistent with previous studies [48, 49] . In wt animals, Teduglutide significantly increased villus length further by ~ 15%. Remarkably, bowel diameter was unaffected by Teduglutide treatment, indicating the absence of horizontal small intestinal growth. While luminal expansion has been reported in mice in a long-term resection model [48] , our observation is in line with clinical observations that small bowel diameter increases significantly only in ultrashort bowel syndrome [50] . Furthermore, small bowel dilatation may not be a direct result from loss of absorptive surface but instead indicate anastomotic stenosis or bowel paralysis. The absence of significant bowel distension in wt mice thus confirms the absence of such complications at day 14.
Because exogenous GLP-2 administration affects small bowel tight junction barrier in healthy mice [16] , we tested the hypothesis that exogenous GLP-2 stimulation with Teduglutide effects the tight junction barrier in the SBS situation. The tight junction seals the paracellular space between enterocytes while creating a charge and size-selective mesh carrying both the leak and the pore pathway [51, 52] . The pore pathway is of particular physiologic relevance in the jejunum because it enables selective paracellular sodium recirculation and thus facilitates sodium, glucose, and water absorption, and we have previously shown that the paracellular tight junction pore to sodium is an important adaptive mechanism in the jejunum [15, 53] . A substantial contribution of the leak pathway, which facilitates passage of large uncharged solutes, must be excluded in order to study the pore pathway [30] . Indeed, the leak pathway was not impaired but even appeared tightened after resection, independent of Teduglutide treatment. This was paralleled by maintained gene expression of tight junction proteins that promote integrity of the leak pathway. While these data are in line with evidence that small bowel resection induces tightening of the paracellular barrier [54] , they are apparently in contrast to evidence that resection loosens the paracellular barrier in the remnant epithelium [55] . To specifically address the tight junction pore pathway, we measured the tight junction cation size selectivity [56] . The paracellular pore pathway promotes bidirectional transport of ions [56] . While a portion of electrolyte absorption from luminal to basolateral occurs through this pathway, the pore also enables recirculation of sodium from basolateral to luminal to promote transcellular sodium-coupled nutrient transport via transporters such as SGLT-1 [57] . This sodium recirculation occurs via the cation-selective claudins in the jejunum and has been elegantly shown for claudin-15 in k.o. animals [34, 58] . Paracellular cation size selectivity to small ions such as sodium was reduced in the SBS wt jejunum but maintained in the jejunum of the Teduglutide-treated wt cohort. Of note, for vehicle wt animals at day 14, a parallel shift in the curve was notable, which could be due to nonselective permeability changes from another unknown pathway that was not detected in the macromolecular permeability studies. If this shift was entirely due to enlarged intravillous tissue, one would expect even more a shift in the Teduglutide-treated wt mice at day 14. However, size selectivity was maintained in the maximally hypertrophied villi of the Teduglutide-treated mice. Furthermore, Teduglutide promoted charge selectivity, i.e., P Na /P Cl , another measure for the tight junction pore specificity in the SBS jejunum [15] . These changes suggest that the paracellular claudin-based pore function in the jejunum is improved by Teduglutide.
In Nod2 k.o. animals, no effect of Teduglutide on pore function was observed, although resection alone also induced a parallel shift in the curve. The absence of an effect on the tight junction pore in Nod2 k.o. animals may be due to the lack of Nod2 signaling in the epithelium, although the pathway that connects Nod2 and GLP-2 has not been clarified yet. Also, attrition bias due to the significantly lower survival in the Nod2 k.o. vehicle cohort cannot be excluded.
Remarkably, claudin-10 expression was reduced in the vehicle treated but significantly increased in Teduglutidetreated wt animals. Of note, claudin-10 mRNA reduction was numerically small and it is well possible that the Teduglutide-dependent effect on the paracellular pore pathway is not purely due to claudin-10, but that there are other tight junction-dependent alterations at play in the intestine that were not detected in this study. Nevertheless, claudin-10 largely promotes the paracellular cation pore [32, 59] . Because only the claudin fraction that is inserted into the tight junction may participate in pore formation [60, 61] , immunofluorescence was performed. Consistent with the previously described crypt-predominant expression of claudin-10 [62], the expression was higher near the crypts and Teduglutide promotes paracellular cation size selectivity in the SBS jejunum in wt mice. a Cation size selectivity in the jejunum is characterized by a size cutoff between 2 and 3 Å, which was detectable at day 0 in wt animals. In the adapted jejunum (d14 vehicle), this size cutoff seemed reduced. In contrast, under Teduglutide treatment, this size cutoff was preserved. Mean ± SEM. b In Nod2 k.o. animals, the tight junction size cutoff was similar to wt animals. At day 14, the size cutoff seemed lost in vehicle-treated animals but also in Teduglutide-treated animals. c Relative Na/Cl permeability in wt animals. P Na /P Cl was not significantly different between d0 and d14 (mean ± SD, p > 0.05, unpaired t test). Teduglutide treatment significantly increased P Na /P Cl (mean ± SD, p < 0.05, unpaired t test). d Relative Na/Cl permeability in Nod2 k.o. animals. P Na /P Cl was significantly lower at d14 compared to d0 (mean ± SD, p < 0.05, unpaired t test). Teduglutide had no effect on P Na /P Cl in Nod2 k.o. animals (mean ± SD, p > 0.05, unpaired t test) lower toward the villus tip in the small bowel under control conditions. This pattern was also present in the jejunum of vehicle-treated mice. In contrast, a strong claudin-10 signal was detected in the tight junction up to the villus tip in Teduglutide-treated mice. With semiquantitative immunofluorescence a significant difference was detectable specifically in the villus tips. This corresponds to the site of maximal SGLT-1 expression [63] , suggesting that recirculation through the tight junction pore is mainly relevant in the villi and not at the villus base. From these data, we conclude that pharmacologic stimulation of adaptation with Teduglutide promotes paracellular sodium transport and thus facilitates enhanced sodium recirculation in order to promote sodiumcoupled nutrient absorption, which in turn contributes to improved nutritional and volume status.
Taken together, this study shows (a) that Teduglutide alleviates intestinal insufficiency in wt mice and intestinal failure in Nod2 k.o. mice and (b) that these positive effects are accompanied by villus growth effects, but (c) that additional functional changes in the epithelium, such as paracellular pore selectivity, are involved in pharmacologic stimulation of absorption by Teduglutide. 
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